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ABSTRACT
Feedback heating from active galactic nuclei (AGNs) has been commonly invoked to suppress cooling
flows predicted in hot gas in elliptical galaxies, galaxy groups and clusters. Previous studies have
focused on if and how AGN feedback heats the gas, but little paid attention to its triggering mechanism.
Using spherically symmetric simulations, we investigate how large-scale cooling flows are accreted
by central supermassive black holes (SMBHs) in eight well-observed systems and find an interesting
dichotomy. In massive clusters, the gas develops a central cooling catastrophe within about the cooling
time (typically ∼ 100 - 300 Myr), resulting in a cold-mode accretion onto SMBHs. However, in our four
simulated systems on group and galaxy scales at a low metallicity Z = 0.3Z⊙, the gas quickly settles
into a long-term state which has a cuspy central temperature profile extending to several tens to about
100 pc. At the more realistic solar metallicity, two groups (with Re ∼ 4 kpc) still host the long-term
hot-mode accretion. Both accretion modes naturally appear in our idealized calculations where only
cooling, gas inflow, and compressional heating are considered. The long-term hot-mode accretion is
maintained by the quickly-established closeness between the timescales of these processes, preferably
in systems with low gas densities, low gas metallicities, and importantly, compact central galaxies,
which result in strong gravitational acceleration and compressional heating at the intermediate radii.
Our calculations predict that central cuspy temperature profiles appear more often in smaller systems
than galaxy clusters, which instead often host significant cold gas and star formation.
Subject headings: accretion, accretion disks – black hole physics – galaxies: active – galaxies: clusters:
general – galaxies:groups:general – methods: numerical
1. INTRODUCTION
Massive elliptical galaxies, galaxy groups and clus-
ters usually contain a large amount of hot diffuse gas
with temperatures ranging from a few tenth of keV to
about 10 keV. The hot gas emits prolifically in ther-
mal X-rays, which have been frequently detected through
ROSAT, Chandra, and XMM-Newton observations (e.g.,
Peterson & Fabian 2006; Rasmussen & Ponman 2007).
The X-ray surface brightness of many systems strongly
peaks at their centers, where gas densities are much
higher than outer regions. The cooling time of the hot
gas in central regions is often much shorter than the
ages of their host systems, and at a distance of about
1 kpc from their centers, the cooling time is often as
short as 0.1 Gyr (e.g., Sanderson et al. 2006). Radia-
tive cooling reduces the gas entropy and induces cooling
flows toward the center, most notably in massive clus-
ters where the mass inflow rates are predicted to be as
high as several hundredM⊙/yr (Fabian 1994). However,
multi-wavelength data, in particular X-ray observations
by Chandra and XMM-Newton, indicate that the pre-
dicted cooling flows are strongly suppressed.
The most invoked mechanism to suppress cool-
ing flows is feedback heating from central active
galactic nuclei (AGNs; e.g., Bru¨ggen & Kaiser 2002;
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Ruszkowski & Begelman 2002). Radio and X-ray ob-
servations have shown that AGN jets created by su-
permassive black holes (SMBHs) at the centers of el-
liptical galaxies, galaxy groups and clusters interact
strongly with their gaseous environments, producing
radio bubbles, X-ray cavities, and weak shocks (see
McNamara & Nulsen 2007 and McNamara & Nulsen
2012 for recent reviews). Previous studies have
been focusing on answering two questions: (i) Can
AGN feedback efficiently heat the hot gas, strongly
suppressing cooling flows (e.g., Bru¨ggen & Kaiser
2002; Ruszkowski & Begelman 2002; Bıˆrzan et al.
2004; Vernaleo & Reynolds 2006; Gaspari et al. 2011a;
Gaspari et al. 2011b; Dubois et al. 2011; Martizzi et al.
2012; Mendygral et al. 2012; Babul et al. 2013)? (ii)
how does AGN feedback heat the hot gas (e.g.,
Ruszkowski et al. 2004; Bru¨ggen et al. 2007; Guo & Oh
2008)? Here in this paper, we explore another key ques-
tion: What triggers AGN events? In other words, we
would like to investigate how SMBHs are fed in a typical
AGN feedback loop. This question is much less inves-
tigated in the literature and our detailed study in this
paper aims to provide a missing link between cooling
flows and AGN feedback heating.
AGN events may be triggered as SMBHs accrete hot
or cold gas from various origins (Best & Heckman 2012).
The global stability analysis of Guo et al. (2008) sug-
gests that to stably maintain a galaxy cluster in the ob-
served cool core state, the heating mechanism that off-
sets radiative cooling should be positively related to the
cooling-induced mass inflow rate, i.e., the AGN heating
rate should increase as the cooling flow becomes stronger.
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Otherwise, the cluster would evolve into a cooling catas-
trophe or a non-cool core state. This suggests that in
a typical AGN feedback loop, AGN feedback may be di-
rectly triggered by the accretion of cooling flows onto the
central SMBH.
The accretion of cooling flows by central SMBHs
has been previously studied by Quataert & Narayan
(2000), who investigated spherically-symmetric steady-
state models for the Virgo cluster. They found that,
depending on the accretion rate, the cooling flow to ac-
cretion flow transition can be hot-mode (Bondi-like ac-
cretion near the SMBH with negative temperature gra-
dients dT/dr < 0) or cold mode (gas cooling off before
reaching the SMBH), and argued that the hot-mode tran-
sition operates for most observed cooling flows. Sim-
ilarly, Mathews & Guo (2012) studied general steady-
state transonic accretion flows when radiative cooling is
present and also found that the flow behavior near the
SMBH is bimodal, either hot-mode or cold-mode, de-
pending on a dimensionless parameter composed of the
black hole mass and flow properties.
Steady-state models, while physically intuitive, do not
directly tell us which mode the cooling-flow-fed accre-
tion sets in in a real system. Furthermore, the hot gas
in real systems may not be in a steady state, but in-
stead its properties may evolve with time due to peri-
odic AGN feedback events. Numerical simulations may
provide useful insights. However, previous simulations
of cooling flows and AGN feedback usually focus on kpc
and larger scales, while the SMBH accretion happens on
parsec and smaller scales. Recently, Li & Bryan (2012)
investigated the cooling flow to accretion flow transition
in the Perseus cluster with hydrodynamical simulations,
finding that a cooling catastrophe develops at the cluster
center within about 300 Myrs, roughly the initial central
gas cooling time. This suggests that the cooling-flow-fed
accretion onto SMBHs is cold-mode, as also found in sim-
ulations of Gaspari et al. (2013), which further studies
the potential roles of AGN heating and subsonic turbu-
lence on the black hole accretion.
While progresses are being made in theory (though un-
certainties on the roles of heating, turbulence, thermal
conduction and stellar mass losses are still present), ob-
servations are yet to effectively explore the black hole ac-
cretion region. X-ray observations of cool cores of galaxy
clusters often show gas temperature dropping toward the
cluster center, suggesting that cooling does play a signif-
icant role. But for most clusters, observations could not
resolve the central 1 kpc, and thus could not directly
explore the black hole accretion flow. X-ray observa-
tions of some more nearby elliptical galaxies also resolved
the region from r ∼ 0.1 to 1 kpc, revealing that the
gas temperature profile is often quite flat in this region
and in some systems (e.g., NGC 4374, NGC 4696, NGC
3115), the gas temperature increases toward the center
(Allen et al. 2006; Humphrey et al. 2006; Werner et al.
2012; Wong et al. 2011). The flat temperature profiles
and especially the central negative temperature gradients
suggest the importance of heating processes, potentially
from AGN feedback, or adiabatic heating due to gravita-
tional infall, which may lead to the hot-mode SMBH ac-
cretion. By analyzing X-ray data of nine nearby elliptical
galaxies, Allen et al. (2006) found a relation between the
classic Bondi accretion rate (Bondi 1952) and the AGN
jet power, suggesting the presence of the hot-mode Bondi
accretion toward the SMBHs in these systems. However,
this analysis depends on a likely-inaccurate extrapolation
of the gas properties from the inner observational bins to
the unresolved Bondi radius, and the more recent study
by Russell et al. (2013) found a much weaker relation.
To explore the mystery of the cooling flow to accretion
flow transition, we perform numerical simulations for a
series of real observed systems spanning a large range
in mass, ranging from massive galaxy clusters to smaller
systems including galaxy groups and elliptical galaxies.
In particular, we choose the observed gas temperature
and density profiles as the initial conditions, and adopt
the gravitational potential which includes the contribu-
tions from the dark matter halo, the central galaxy’s
stellar distribution and the central SMBH, and which is
also based on current estimates from observations. The
problem involves a very large dynamical range in radius,
ranging from accretion flows on pc scales to cooling flows
formed on scales up to about 100 kpc (about 4 - 5 orders
of magnitude), and thus 3-dimensional simulations are
very expensive and time-consuming. In the paper, we
focus on spherically-symmetric models, which allow us
to investigate the problem in a large number of systems
within a reasonable amount of time.
The rest of the paper is organized as follows. In Sec-
tion 2, we describe the details of our model, including ba-
sic equations and numerical setup. The results, presented
in Section 3, show that even in an idealized spherically-
symmetric inflow, the cooling gas can behave bimodally
when reaching the central black hole accretion region.
We study the possible origin of this dichotomy in Section
4 and discuss our results and observational prospects in
Section 5. We summarize our main conclusions in Sec-
tion 6.
2. THE MODEL
The primary goal of this paper is to study how cooling
flows convert to black hole accretion flows in elliptical
galaxies, galaxy groups and clusters. In particular, we
focus on the difference of this flow transition in these
systems with a large range in mass. We use hydrody-
namic simulations to investigate the evolution of cooling
flows formed on large scales (the whole r . 100 kpc re-
gion in massive clusters) and simultaneously, how the
cooling gas behaves after entering the central region of
the SMBH’s gravitational influence. We focus on the
competitive roles of radiative cooling and gravitational
heating in a spherically symmetric inflow, while ignoring
other more complicated physics, e.g., angular momen-
tum, additional heating sources (e.g. AGN feedback),
turbulence, transport processes (thermal conduction and
viscosity), and stellar mass losses from the central galaxy.
The importance of these additional physics is less certain,
but some of them may play a significant or even dormi-
nant role in some systems (Brighenti & Mathews 2002;
Gaspari et al. 2012a; Li & Bryan 2012; Gaspari et al.
2013). Our calculations are a step forward from steady
state models (Bondi 1952; Quataert & Narayan 2000;
Mathews & Guo 2012), and may provide important in-
sights when comparing with other works incorporating
additional physics.
Unimpeded, long-lasting cooling flows are commonly
considered to be ruled out by multi-wavelength observa-
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Table 1
Parameters of the Gravitational Potential for the Systems
Mvir M0 rs M∗ Re MBH Rinf
Name (M⊙) (M⊙) (kpc) (1011M⊙) (kpc) (109M⊙) (pc) Reference
Perseus ............... 8.8× 1014 5.3× 1014 481 9.12 15.3 0.34 167 1, 2
Abell 1795 .......... 7.1× 1014 4.2× 1014 430 5.35 40.3 1.66 862 1
Abell 2199 .......... 6.6× 1014 3.8× 1014 390 13.1 43.7 1.0 634 3, 4, 5, 6
Virgo .................. 4.2× 1014 3.5× 1014 560 4.97 5.03 3.2 243 7, 1, 8
NGC 4261 .......... 6.7× 1013 4.41 × 1013 281.1 2.64 3.4 0.49 85 9, 10
NGC 4472 .......... 3.3× 1013 9.65 × 1012 63.1 1.63 4.0 0.565 138 9, 11
NGC 1407 .......... 1.6× 1013 4.0× 1012 36.1 1.6 4.4 1.03 211 9, 12
NGC 6482 .......... 7.1× 1012 1.78 × 1012 27.8 2.34 3.4 0.562 97 9, 13
Notes.– For the definition of the parameters, please see Section 2.1. The values of M0 are derived from the
virial mass Mvir (or the concentration c) and rs given in the references. Rinf is the radius of influence of the
SMBH, within which its gravitational acceleration dominates.
References.– (1) Chandran & Rasera (2007); (2) Wilman et al. (2005); (3) Zakamska & Narayan (2003); (4)
Di Matteo et al. (2001); (5) Paturel et al. (2003); (6) Graham et al. (1996); (7) McLaughlin (1999); (8)
Macchetto et al. (1997); (9) Humphrey et al. (2006); (10) Ferrarese et al. (1996); (11) Merritt & Ferrarese
(2001); (12) Spolaor et al. (2008); (13) Panessa et al. (2006)
tions of galaxy clusters (Peterson & Fabian 2006). AGN
feedback heating is often considered to be responsible
for the suppression or shut off of cooling flows. Observa-
tions of AGN bubbles indicate that AGN feedback events
have duty cycles (McNamara & Nulsen 2007), implying
that AGN heating and the development of cooling flows
are intermittent. It may be possible that between two
successive generations of AGN feedback events, cooling
flows could be established to some level, leading to the
formation of cold gas and stars in the central galaxy as
observed in many cool core clusters (Peterson & Fabian
2006; O’Dea et al. 2008). The development of cooling
flows may also feed the central SMBH, triggering the next
generation of AGN feedback events which shuts off cool-
ing flows and completes the AGN feedback loop. Thus
our calculations presented in this paper investigate how
cooling flows develop and feed the central SMBH be-
fore the next generation of AGN feedback is triggered.
This is obviously an idealized scenario, and the addi-
tional physical processes mentioned in the previous para-
graph may play important roles as well. Furthermore,
local thermal instabilities have also been considered to
produce cold gas in cool core clusters (McCourt et al.
2012; Sharma et al. 2012; Gaspari et al. 2012b), though
Li & Bryan (2012) showed that local thermal instabili-
ties do not occur before the central cooling catastrophe
when AGN heating and turbulence are ignored.
With radiative cooling, the hydrodynamic evolution of
thermal gas can be described by the following three equa-
tions:
dρ
dt
+ ρ∇ · v = 0, (1)
ρ
dv
dt
= −∇P − ρ∇Φ, (2)
∂e
∂t
+∇ · (ev) = −P∇ · v − neniΛ(T, Z), (3)
where d/dt ≡ ∂/∂t+v ·∇ is the Lagrangian time deriva-
tive, ρ is the gas density, v is the gas velocity, P = (γ−1)e
is the gas pressure, γ = 5/3 is the adiabatic index of ther-
mal gas, e is the gas energy density, ne is the electron
number density, and ni is the ion number density.
The rightmost term in equation (3), neniΛ(T, Z), is
the gas cooling rate. In most simulations, we use the an-
alytic cooling function in Tozzi & Norman (2001), which
is based on calculations by Sutherland & Dopita (1993),
neniΛ(T, Z) = 1.0× 10
−22
(
ni
cm−3
) (
ne
cm−3
)
×
[
C1
(
kBT
keV
)δ1
+ C2
(
kBT
keV
)δ2
+ C3
]
erg
cm3 s .(4)
For an average metallicity Z = 0.3Z⊙, the constants are
δ1 = −1.7, δ2 = 0.5, C1 = 8.6 × 10
−3, C2 = 5.8 × 10
−2
and C3 = 6.3 × 10
−2, and we can approximate nine =
0.704(ρ/mp)
2, where mp is the proton mass. In Section
3.4, we presented a different set of simulations with the
Sutherland & Dopita (1993) cooling function at Z = Z⊙,
and studied the dependence of our results on the gas
metallicity. We manually truncate the cooling below a
minimum temperature of 0.03 keV. We are not interested
in the evolution of cold gas in this paper, but instead we
focus on studying whether or not the hot gas cools off,
forming a cooling catastrophe as cooling flows develop.
According to the ideal gas law, the gas pressure is re-
lated to the gas temperature T and the electron number
density ne via
P =
ρkBT
µmµ
=
µe
µ
nekBT, (5)
where kB is Boltzmann’s constant,mµ is the atomic mass
unit, and µ = 0.62 and µe = 1.18 are the mean molecu-
lar weight per thermal particle and per electron, respec-
tively. We define the gas cooling time as
tcool =
e
neniΛ(T )
, (6)
and the gas entropy S as (ignoring constants and loga-
rithms; e.g., Lloyd-Davies et al. 2000)
S =
kBT
n
2/3
e
. (7)
2.1. Gravitational Potential
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The gravitational potential Φ is contributed by three
static components:
Φ = ΦDM +Φ∗ +ΦBH, (8)
where ΦDM is the contribution from the dark matter
halo, Φ∗ is the contribution from the stellar mass of the
central galaxy, and ΦBH is the contribution from the cen-
tral SMBH. We ignore the contribution from the hot gas,
which is very small compared to the other three compo-
nents. We take a Navarro-Frenk-White (NFW) profile
(Navarro et al. 1997) for the dark matter halo:
ρDM(r) =
M0/2pi
r(r + rs)2
, (9)
where rs is the standard scale radius of the NFW pro-
file and M0 is a characteristic mass. As discussed in
Zakamska & Narayan (2003), rs and M0 are related to
the virial mass Mvir and viral radius rvir, which is
defined in this paper as the radius within which the
mean dark matter density is 200ρcrit(z), where ρcrit(z) =
3H(z)2/8piG is the critical density of the universe at the
redshift of the system. The corresponding dark matter
gravitational potential is:
ΦDM = −
2GM0
rs
ln(1 + r/rs)
r/rs
, (10)
where G is the gravitational constant.
We take the stellar mass density to have a Hernquist
profile (Hernquist 1990):
ρ∗ =
M∗a
2pir
1
(r + a)3
, (11)
where M∗ is the total stellar mass and a is a scale length
equal to Re/1.8153, where Re is the radius of the isophote
enclosing half the galaxy’s light. The corresponding grav-
itational potential is:
Φ∗ = −
GM∗
r + a
. (12)
We take the SMBH’s gravitational potential to be
given by
ΦBH = −
GMBH
r − rg
, (13)
where MBH is the mass of the central SMBH,
rg = 2GMBH/c
2 is the Schwarzschild radius, and
the 1/(r − rg) mimics the effects of general relativity
(Paczyn´sky & Wiita 1980; Quataert & Narayan 2000).
In this paper, we studied the transition of cooling
flows to accretion flows in eight well-observed systems,
including four galaxy clusters (Mvir > 10
14M⊙) and
four smaller systems, of which three have group-scale
halos and one has a galaxy-scale halo, demarcated at
Mvir = 10
13M⊙. The gas temperature and density pro-
files of these systems are well determined by X-ray obser-
vations, and serve as our initial conditions (see Sec. 2.3).
The model parameters of the gravitational potential in
all the systems are also constrained by observations and
directly adopted from previous publications. Ordered by
the decreasing virial mass of the dark matter halo, we
list the model parameters of these systems in Table 1.
The references where we adopt the model parameters are
listed in the rightmost column of Table 1. In particular,
we note that M∗ and Re in most systems are taken from
Chandran & Rasera (2007) or Humphrey et al. (2006).
For Abell 2199, we derive the value of M∗ from its
brightest cluster galaxy NGC 6166’s B-band luminosity
(MB = −23.01 adopted from the Hyperleda database of
Paturel et al. 2003) according to the method described
in Chandran & Rasera (2007) and take the value of Re
from Graham et al. (1996). The eighth column in Ta-
ble 1 shows Rinf , the radius of influence of the central
SMBH, within which its gravitational acceleration dom-
inates over that from the other two components.
We note that although a series of eight well-observed
systems are studied in the paper, they are not intended to
be representative of all galaxy groups and clusters. Our
sample does not include systems with Re ∼ 6 − 14 kpc,
and in particular, the four small systems in our sample
have Re ∼ 3.4− 4.4 kpc, which lies in the lower part of
the Re range for galaxy groups and plays an important
role in the transition of cooling flows to accretion flows
as shown in Section 4.3. Approximating the stellar dis-
tribution of the central galaxy by the Hernquist profile
is crude, especially for brightest cluster galaxies (BCGs),
which often have a Sersic index of n > 4 (Graham et al.
1996). Future studies with a better (but more compli-
cated) modeling of the central galaxy will be useful in ex-
ploring its accurate role in the evolution of cooling flows,
though the development of a central cooling catastro-
phe in galaxy clusters is usually thought to be general
(McNamara & Nulsen 2007).
2.2. Simulation Setup
Assuming spherical symmetry, we use the ZEUS-3D
hydrodynamic code (Stone & Norman 1992) in its one-
dimensional mode. To study how large-scale cooling
flows are converted into SMBH accretion flows, an ex-
tremely large range in radius needs to be covered in the
simulations. Most of the simulations presented in the pa-
per were performed with an inner boundary of rmin = 10
pc, which is usually small enough for us to investigate the
fate of large-scale cooling flows near SMBHs. We have
also run a few additional simulations with a smaller inner
boundary 1 pc (presented in Sec. 3.3 and Appendix A),
but the results usually do not change appreciably. We
choose the outer boundary to be rmax = 200 kpc, which
is larger than the cooling radii of all systems studied in
this paper. We have also experimented with a larger
outer boundary at 2 Mpc and the results do not change
(the difference is often negligible; see Appendix A). We
typically ran each simulation for 3 Gyr, but if a cooling
catastrophe develops within this duration, we stop the
simulation shortly after the cooling catastrophe.
In order to resolve adequately the inner regions,
we adopt a logarithmically spaced grid in which
(∆r)i+1/(∆r)i = (rmax/rmin)
1/N , where N is the num-
ber of active zones. The simulations presented in this
paper were ran with N = 1000, corresponding to a grid
size of about 0.1 pc near the inner boundary. We have
also run a few simulations with N = 4000 and got the
same results. The common zero-gradient boundary con-
ditions are used to allow for inflow and outflow at the
grid boundaries, and in addition, we further assume that
the gas is in contact with a thermal bath of constant tem-
THE DICHOTOMY IN COOLING-FLOW-FED ACCRETION OF SMBHs 5
perature and pressure at the outer boundary, where the
cooling time exceeds the Hubble time. Thus, we ensure
that, for each individual system, the temperature and
density of thermal gas at the outer boundary are fixed
to their initial values, which are derived or extrapolated
from observations, as further explained in the following
subsection.
2.3. Initial Conditions
To investigate the cooling-flow-fed accretion in real el-
lipticals, galaxy groups and clusters, we choose the ini-
tial conditions to mimic the observed temperature and
density profiles. We also assume that the hot gas is ini-
tially in hydrostatic equilibrium. To this end, we first
choose an analytic fit to the observed temperature pro-
file for each system studied in this paper, and then solve
the density profile from hydrostatic equilibrium and the
gravitational potential presented in Section 2.1. The nor-
malization of the density profile (specifically ne at 1 kpc)
is determined so that the overall density profile fits the
observed density profile reasonably well.
The temperature profiles of some systems differ signif-
icantly from those of others, and thus we could not use
one “universal” profile for all the systems (as also dis-
cussed in Humphrey et al. 2006). For the Perseus clus-
ter, we took the analytic temperature fit to the observa-
tional data from Churazov et al. (2004). For the cluster
Abell 1795, we adopt the analytic temperature profile
from Guo & Mathews (2010), which fits very well the
observational data from a few kpc to about 1000 kpc.
For the other six systems, we use one of the following
analytic fits:
T (r) =T0−(T0 − T1)e
−r/(2rc1), (14)
T (r) =T0−T1e
−r2/(2r2
c1
), (15)
T (r) =T0+T1e
−r/(2rc1), (16)
T (r) =T0−T0e
−r2/(2r2
c1
) + T1e
−r3/r3
c2
+ T2e
−(r/rc3)
1.3
. (17)
For the cluster Abell 2199, we adopted equation (14),
with T0 = 4.3 keV, T1 = 1.4 keV, and rc1 = 13 kpc. For
the Virgo cluster, we followed Ghizzardi et al. (2004),
using equation (15), with T0 = 2.399 keV, T1 = 0.776
keV, and rc1 = 18.15 kpc. For the group NGC 4261, we
adopted equation (14), with T0 = 1.3 keV, T1 = 0.6 keV,
and rc1 = 8 kpc. For the elliptical galaxy NGC 4472,
which is located in the Virgo cluster, we adopted equa-
tion (14), with T0 = 1.17 keV, T1 = 0.6 keV, and rc1 = 5
kpc. For the group NGC 1407, we adopted equation (17),
with T0 = 0.8 keV, T1 = T0/3.8, T2 = T0/1.3, rc1 = 6.5
kpc, rc2 = 1 kpc, and rc3 = 50 kpc. For the group
NGC 6482, we used equation (16), with T0 = T1 = 0.4
keV, and rc1 = 8 kpc. Together with observational data,
the initial temperature and density profiles for each sys-
tem are shown as solid lines in Figures 1, 3, 4, and 5.
Our analytic temperature profiles and the derived initial
gas density profiles fit with observational data reasonably
well in all the systems presented in the paper.
3. THE BIMODAL TRANSITIONS FROM COOLING FLOWS
TO ACCRETION FLOWS
As discussed in detail in the previous section, we as-
sume that the hot gas in each system is initially in hydro-
static equilibrium. The initial temperature and density
profiles are chosen to mimic the observational profiles (in
regions resolved by current X-ray observations). With-
out cooling, the hot gas remains in its initial profiles, as
confirmed in our simulations. When radiative cooling is
turned on at time t = 0, the gas entropy gradually drops
and the gas density increases, resulting in an inflow of
hot gas toward the center. Our simulations allow us to
study the development of the cooling flow in each real
system, and in particular, the transition of the cooling
flow to the accretion flow near the central SMBH.
3.1. The Flow Transition in Galaxy Clusters
We first study the flow transition in galaxy clusters.
The development of cooling flows in massive clusters is
very similar, and here we present the results of four typ-
ical clusters. In Figure 1, we show the time evolution of
the gas temperature and electron number density profiles
for two typical cool core clusters: Perseus and Abell 1795.
The evolution of these two clusters are very similar: the
hot gas initially in hydrostatic equilibrium is perturbed
by radiative cooling, which leads to a gradual decrease in
the gas entropy and increase in the gas density (in par-
ticular at r . 10 kpc). As the gas temperature in these
regions drops, a negative temperature gradient develops
within about a few tens parsec. The negative temper-
ature gradient is more prominent when the mass of the
central SMBH is more massive. This is a signature of
the formation of the Bondi-like accretion (Bondi 1952)
onto the central SMBH. However, such a temperature
profile can not sustain, and the gas temperature in the
inner regions continues to decrease due to cooling. At
t ≡ tcc ∼ 0.19 Gyr, a cooling catastrophe happens in the
central regions of Perseus, as clearly seen in the dramatic
drop of the gas temperature there in the top-left panel
of Figure 1. The cooling catastrophe first develops at
r ∼ several tens pc, and then slowly propagates to larger
radii. In Abell 1795, the cooling catastrophe happens at
tcc ∼ 0.27 Gyr. In both systems, the cooling catastrophe
happens roughly at the initial gas cooling time at the
cluster’s central regions, as shown in Figure 2.
This result is consistent with the recent study by
Li & Bryan (2012), who investigated the cooling flow
to accretion flow transition in the Perseus cluster using
three-dimensional simulations. Although they adopted
slightly different profiles for both the stellar distribution
of the central galaxy and the initial gas density, a cooling
catastrophe also develops in their simulations within the
central regions of Perseus at t ∼ 300 Myr.
The left panel of Figure 3 shows the temporal evolu-
tion of the gas temperature and electron number den-
sity profiles for another massive cluster Abell 2199. The
evolution of the cooling flow in this cluster is very sim-
ilar to that in Perseus and Abell 1795. The cooling
catastrophe in Abell 2199 happens at t ∼ 0.1 Gyr,
roughly the initial central gas cooling time. Our sim-
ulations of the above three massive clusters suggest that,
as the cooling flow is accreted by the central SMBH,
the development of a central cooling catastrophe at
about the central gas cooling time (typically few hun-
dred Myr) is very robust in massive galaxy clusters, im-
plying that the hot gas cools unimpeded, leading to a
cold-mode accretion onto SMBHs. The development of
a central cooling catastrophe or central accumulation
6 GUO & MATHEWS
Figure 1. The temporal evolution of temperature and electron number density profiles for the Perseus cluster (left) and Abell 1795 (right).
The diamonds in the left panel correspond to XMM-Newton data of Churazov et al. (2003), rescaled to H0 = 70 km s−1 Mpc−1, and the
crosses in the right panel correspond to Chandra data (Ettori et al. 2002). It is remarkable that a cooling catastrophe develops in both
systems within about 200 - 300 Myr.
Figure 2. The initial gas cooling time in our simulated systems.
For massive clusters (Perseus, Abell 1795 and Abell 2199), the cen-
tral cooling catastrophe usually happens at about the central gas
cooling time. For the other five smaller systems (including Virgo),
the gas stays in the hot mode without developing the cooling catas-
trophe for at least 1 Gyr, much longer than the central gas cooling
time, which is often shorter than 0.1 Gyr.
of cold gas has also been frequently found in previous
simulations of cooling flows (e.g., Brighenti & Mathews
2002; Brighenti & Mathews 2003; Cattaneo & Teyssier
2007; Ettori & Brighenti 2008; Gaspari et al. 2011b;
Gaspari et al. 2011a; Gaspari et al. 2012a).
We also studied the flow transition in a less massive
cluster, the nearby Virgo cluster, which has gas temper-
atures of about 2 - 2.5 keV in outer regions, much less
than those in Perseus (∼ 6 keV), Abell 1795 (∼ 6 keV)
and Abell 2199 (∼ 4 keV). The right panel of Figure
3 shows the temporal evolution of the gas temperature
and electron number density profiles in our Virgo simula-
tion. Compared to the other two clusters, the Virgo clus-
ter develops a larger central region with larger negative
temperature gradients during the early times, probably
due to stronger gravitational heating by its more massive
central SMBH (see Table 1). It is remarkable that the
hot gas in Virgo remains in this hot-mode Bondi-like ac-
cretion much longer (> 1 Gyr), while the initial central
gas cooling time is even shorter than 0.1 Gyr. Although
the cooling catastrophe still happens in this simulation
at t ∼ 1.7 Gyr, galaxy clusters (including Virgo) are
expected to undergo AGN feedback events within much
shorter durations (e.g., Reynolds & Begelman 1997). It
is usually thought that AGN feedback events significantly
heat the gas, suppressing or even shutting off cooling
flows. However, it is also important to note that the de-
velopment of cooling flows depends on the gas metallic-
ity and a higher metallicity may cause Virgo to undergo
the central cooling catastrophe much earlier (see Section
3.3).
3.2. The Flow Transition in Elliptical Galaxies and
Galaxy Groups
In smaller systems such as elliptical galaxies and galaxy
groups, the cooling flow to accretion flow transition may
be quite different compared to massive galaxy clusters.
Figure 4 shows the temporal evolution of temperature
and electron number density profiles for the group NGC
4261 and the elliptical galaxy NGC 4472. Their temper-
ature evolution at early times are similar to galaxy clus-
ters, as described by a gradual decrease in temperature
due to cooling and the formation of a cuspy temperature
profile with negative temperature gradients in the cen-
tral regions due to strong compressional heating caused
by the SMBH’s gravity. However, in galaxy clusters, such
a central cuspy temperature profile quickly evolves into a
strong cooling catastrophe after about the central cool-
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Figure 3. The temporal evolution of temperature and electron number density profiles for Abell 2199 (left) and the Virgo cluster (right).
the crosses in the left panel correspond to Chandra data (Johnstone et al. 2002), and the diamonds in the right panel are observational
data adopted from Ghizzardi et al. (2004). In Abell 2199, the cooling catastrophe happens at t ∼ 0.1 Gyr, while in Virgo, the cooling
catastrophe happens at a much later time t ∼ 1.7 Gyr. It is likely that in Virgo, AGN feedback is triggered during the hot-mode accretion,
and averts the development of the cooling catastrophe.
Figure 4. The temporal evolution of temperature and electron number density profiles for NGC 4261 (left) and NGC 4472 (right). The
diamonds correspond to Chandra data (Humphrey et al. 2006). In the top-left panel, the gas temperature remains almost the same from
t ∼ 0.02 Gyr to 3 Gyr. In both systems, the cooling catastrophe does not happen within 3 Gyr, indicating a hot-mode accretion for the
central SMBH.
ing time (Fig. 1), while in these two smaller systems,
the negative temperature gradient remains in the cen-
tral regions for a very long time (> 3 Gyr). For ex-
ample, in NGC 4261 shown in the left panels of Figure
4, the hot gas reaches a quasi-steady state at t ∼ 0.02
Gyr (the short-dashed line), and remains in this state
at least until the end of our simulation (t = 3 Gyr; the
dot-long-dashed line). This is remarkable as the central
gas cooling time in NGC 4261 is very short (less than
100 Myr). This quasi-steady state is featured by a hot
Bondi-like accretion in the central regions (within about
50 pc) with negative temperature gradients. The similar
quasi-steady state is also seen in the simulation of NGC
4472 (the right panels of Fig. 4). Within such a long
duration, AGN feedback is very likely triggered during
the hot-mode accretion. This suggests that the cooling
flow in these two systems transitions into a hot-mode
accretion onto the central SMBH.
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Figure 5. The temporal evolution of temperature and electron number density profiles for NGC 1407 (left) and NGC 6482 (right). The
diamonds correspond to Chandra data (Humphrey et al. 2006). In both groups, the hot gas does not cool off within 3 Gyr (NGC 1407) or
2 Gyr (NGC 6482), suggesting a hot-mode accretion for the central SMBH.
We experimented with two additional galaxy groups
(NGC 1407 and NGC 6482), and found similar results.
Figure 5 shows the time evolution of temperature and
electron number density profiles for these two groups. In
NGC 1407, the gas reaches a hot-mode quasi-steady state
at t ∼ 0.3 Gyr and stays in this state until at least t = 3
Gyr. Compared to other groups, NGC 1407 develops a
larger central region with negative temperature gradients
(r . 100 pc), due to its more massive SMBH. NGC 6482
is a fossil group with an observational negative tempera-
ture gradient from about 1 kpc to about 100 kpc. In the
simulation for this group, the hot-mode accretion in the
central regions also sustains for a very long time (> 1
Gyr) and the cooling catastrophe only happens at about
t ≡ tcc = 2 Gyr. During such a long timescale, it is very
likely that AGN feedback events will be triggered during
the hot-mode accretion, preventing the otherwise onset
of the cooling catastrophe at tcc = 2 Gyr (similar to the
Virgo cluster).
3.3. Dependence on the Gas Metallicity
In this subsection, we study how our results depend on
the gas metallicity, which affects the cooling rate Λ(T, Z)
and potentially the development of cooling flows, espe-
cially in low-temperature systems such as galaxy groups
and galaxies. To this end, we performed a new set of
simulations with the Sutherland & Dopita (1993) cool-
ing function at the gas metallicity Z = Z⊙ for the four
relatively small systems in our sample (NGC 4261, 4472,
1407 and 6482). These simulations are performed with a
large spatial range, covering rmin = 1 pc to rmax = 200
kpc. The dependences of our results on the choices of the
inner and outer boundaries are explored in Appendix A.
In Figure 6, we show the ratios of the initial gas cooling
rates at Z = 0.3Z⊙ to those at Z = Z⊙ for all our sim-
ulated systems. The metallicity’s impact on the cooling
rate is relatively small in our four galaxy clusters (cover-
ing a temperature range from about 2 - 7 keV) , increas-
Figure 6. The impact of metallicity on the gas cooling rate. Plot-
ted are the ratios of the initial gas cooling rates at Z = 0.3Z⊙ to
those at Z = Z⊙ for all our simulated systems. The impact is
relatively small for galaxy clusters, but becomes quite significant
for galaxy groups and ellipticals (a typical increase of the cooling
rate by a factor of 2 - 3 when increasing the metallicity from 0.3Z⊙
to Z⊙.)
ing the cooling rate by a factor of about 1.2 - 1.6. But
for our four smaller systems at T ∼ 1 keV, the factor is
about 2 - 3, consistent with the fact that metal cooling is
more important in colder systems (Sutherland & Dopita
1993).
Figure 7 shows the temporal evolution of the gas tem-
perature profiles in this new set of simulations with
Z = Z⊙. In our previous simulations of these four small
systems at Z = 0.3Z⊙, all of them develop a hot-mode
accretion in the central regions sustaining for at least 2
Gyr. When cooling is enhanced with Z = Z⊙ in the new
simulations, two systems, namely NGC 4472 and NGC
6482, encounter a central cooling catastrophe quickly at
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Figure 7. The temporal evolution of the gas temperature profiles in a new set of simulations with the gas metallicity Z = Z⊙ and covering
a radial range from 1 pc to 200 kpc for the four relatively small systems in our sample. The higher metallicity increases the gas cooling
rate, resulting into the fast development of the central cooling catastrophe in NGC 4472 and NGC 6482 at t ∼ 30 Myr, while the accretion
in NGC 4261 and NGC 1407 remains in the hot mode for at least 2 Gyr. The diamonds correspond to Chandra data (Humphrey et al.
2006).
t ∼ 30 Myr, resulting in a cold-mode accretion onto
the SMBHs. We have also run the simulation for the
Virgo cluster with the new cooling function at Z = Z⊙,
showing that the central cooling catastrophe happens at
tcc ∼ 0.22 Gyr, much earlier than tcc ∼ 1.7 Gyr in the
original simulation with Z = 0.3Z⊙.
However, for the other two systems, NGC 4261 and
NGC 1407, the hot gas in the central accretion region
remains in the hot mode with negative temperature gra-
dients for at least 2 Gyr. This is remarkable as the central
gas cooling times in these two systems are much less than
0.1 Gyr.
In summary, higher metallicity increases the gas cool-
ing rate, more notably in lower-temperature systems,
e.g., galaxies and galaxy groups, leading to the cen-
tral cold-mode accretion of cooling flows in some sys-
tems, which would otherwise host the hot-mode accre-
tion if at a lower metallicity. However, even at the
solar metallicity, some systems (e.g., NGC 4261 and
NGC 1407) still host the hot-mode SMBH accretion of
cooling flows. In real cool core systems, the metal-
licity distribution is usually not uniform, but instead
drops with radius (e.g., De Grandi & Molendi 2001;
Rasmussen & Ponman 2007). In galaxy groups, the cen-
tral gas metallicity is often near solar (higher and lower
metallicities also exist in some systems). But it usually
drops to Z ∼ 0.1Z⊙ within r ∼ r500, where r500 is the
radius enclosing a mean density of 500 times the critical
density (Rasmussen & Ponman 2007). Thus the metal-
licity impact in real systems is more complicated, but
our two sets of simulations with Z = 0.3Z⊙ and Z = Z⊙
indicate convincingly that some galaxy groups and el-
liptical galaxies host the hot-mode SMBH accretion of
cooling flows when other more subtle physics, e.g., AGN
heating, turbulence, stellar mass losses, are not impor-
Figure 8. The time when the cooling catastrophe happens (since
the beginning of each simulation) tcc versus the virial mass of the
dark matter halo (Mvir) in our simulations of the eight systems.
Diamonds correspond to our standard simulations with Z = 0.3Z⊙,
while the five small systems are also studied by a new set of simu-
lations with Z = Z⊙ (crosses). The arrows attached to diamonds
or crosses indicate that no cooling catastrophe develops during the
whole simulation, which stops at t = 3 Gyr (i.e., tcc > 3 Gyr). For
NGC 1407, tcc > 3 Gyr in both simulations.
tant.
3.4. The Dichotomy in the Flow Transition
In this subsection, we summarize our main findings in
the previous three subsections. The hot gas in our cal-
culations is initially in hydrostatic equilibrium, and thus
does not evolve without cooling. When radiative cooling
is turned on, the gas gradually cools, especially in the in-
ner regions where the cooling time is relatively short. In
the central regions, a cuspy temperature profile with neg-
ative temperature gradients develops due to strong com-
pressional heating caused by the SMBH’s gravity. The
spatial size of such central regions depends on the mass
10 GUO & MATHEWS
of the central SMBH, varying in our sample from a few
tens to about 100 pc (e.g., Virgo, NGC 1407), and may
be even larger if the central SMBH is more massive.
More interestingly, our simulations show that the fur-
ther development of cooling flows, in particular the cen-
tral accretion region with negative temperature gradi-
ents, is bimodal. In galaxy clusters and some smaller
systems, the central hot-mode accretion does not sus-
tain, but instead evolves quickly into a cooling catas-
trophe at about the central gas cooling time, which is
about 100 - 300 Myr for galaxy clusters and much smaller
for galaxy groups and elliptical galaxies, depending on
the gas metallicity. In contrast, in some elliptical galax-
ies and galaxy groups, the hot-mode accretion becomes
quasi-steady, sustaining for at least 2 Gyr or even per-
manently.
This dichotomy is clearly summarized in Figure 8,
which shows tcc, the time when the cooling catastrophe
happens after the beginning of each simulation, versus
the virial mass of the dark matter halo for our eight
systems in two sets of simulations with different gas
metallicities. Assuming a constant gas metallicity of
Z = 0.3Z⊙ (diamonds in Figure 8), the three most mas-
sive systems develop the central cooling catastrophe at
about their central gas cooling times (tcc ∼ 100 - 300
Myr), while the other five smaller systems host the cen-
tral hot-mode accretion for t ∼ tcc & 2 Gyr, though their
central gas cooling times are typically about 100 Myr or
shorter. As the gas metallicity is increased to Z = Z⊙
(crosses in Figure 8), three of the five smaller systems
develop the central cooling catastrophe quickly, but the
other two, namely NGC 4261 and NGC 1407, still host
the central hot-mode accretion, which is quasi-steady,
lasting for about 2 Gyr or longer. Higher metallicity
increases the incidence of cold-mode accretion, but as
discussed in Section 3.3, our calculations indicate that
the hot-mode accretion of cooling flows does operate in
some elliptical galaxies and galaxy groups quasi-steadily
unless AGN feedback or other physical processes signifi-
cantly disturb cooling flows, changing our results.
4. THE ORIGIN OF THE DICHOTOMY
In this section, we discuss the possible origin of the
dichotomy in the transition of cooling flows to accretion
flows discovered in the previous section. In Section 4.1,
we study various important physical processes that oper-
ate during the development of cooling flows, focusing on
radiative cooling, compressional heating, and gas inflow.
We investigate how SMBH accretion flows fed by cooling
inflows are affected by the initial gas density distribution
and the gas temperature in Section 4.2, and the impor-
tance of the gravity from the central galaxy in Section
4.3.
4.1. Cooling, Compressional Heating and Gas Inflow
To understand the origin of the dichotomy, here we
qualitatively explore the physical processes operating
during the development of cooling flows. In addition to
radiative cooling, the hot gas is also subject to adiabatic
compression, represented by the term −P∇ · v in equa-
tion 3. Adiabatic compression heats the hot gas through
the pdV work, and this energy comes from the release
of the gravitational energy of the infalling gas. For an
arbitrary small gas parcel in a cooling flow, the evolu-
tion of its internal energy is determined by the interplay
of radiative cooling and compressional heating (equation
3). However, even when cooling dominates over heating,
the energy density of the gas parcel usually still increases
with time, as its spatial volume decreases due to compres-
sion. The impact of compressional heating may be better
described in the evolution of the gas temperature:
e
T
dT
dt
= −P∇ · v − neniΛ(T, Z), (18)
which can be derived directly by combining equations (1)
and (3). Equation (18) states that, if radiative cooling
dominates over compressional heating, the temperature
of the gas parcel drops with time as it flows toward the
center. On the other hand, if compressional heating rate
is higher than cooling rate, the temperature of the gas
parcel increases with time as it flows inward.
At small radii, the compressional heating rate
(Γcomp = −P∇ · v ∼ 2Pv/r, where v = |v| = −vr) is
very large, due to the SMBH’s strong gravity and the
small values of r. As cooling flows develop in our simu-
lations, the compressional heating rate usually surpasses
cooling rate very quickly at small enough radii (typically
r . 10 - 100 pc, depending on the SMBH’s mass), where
the gas temperature may rise toward the center, leading
to a central negative temperature gradient as shown in
Figures 1, 3, 4, 5, and 7 (but a central cooling catastro-
phe develops at a later time in some systems).
In contrast, at larger radii, cooling rate is usually larger
than the compressional heating rate in our simulations.
Thus for a gas parcel at large radii but still within the
effective cooling region (where the cooling time is shorter
than a few Gyr), its temperature drops with time as it
flows inward. Once the gas parcel reaches the central
region where the heating rate surpasses the cooling rate,
its temperature starts to increase with time, resulting
in a hot-mode accretion for the central SMBH. On the
other hand, if the gas parcel cools off (i.e. cool to zero
temperature) before reaching the central region, we get
a cold-mode accretion for the SMBH. Thus the fate of
cooling flows is determined by three important physical
mechanisms: radiative cooling, gas inflow and compres-
sional heating. The former two can also be seen through
the time evolution of the gas entropy S (defined in equa-
tion 7):
en
2/3
e
kBT
dS
dt
= −neniΛ(T, Z), (19)
which can be derived from equations (1), (3), and (7),
and states that the entropy of a gas parcel always drops
as it flows toward the center due to radiative cooling.
It is important to note that these three physical mech-
anisms do not operate separately. Cooling induces gas
inflow and compressional heating, and they are strongly
entangled during the development of cooling flows, de-
pending on the gas properties and the gravitational po-
tential well. Their relative importance can be quanti-
tatively seen in Figure 9, which shows the cooling time
tcool (defined in equation 6), the compressional heating
timescale
theat = e/(−P∇ · v) (20)
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Figure 9. The cooling time (tcool), compressional heating time (theat), and inflow time (tflow ≡ r/|v|) in our standard simulations of the
eight systems. These timescales evolve with time during the simulations. For the three massive clusters, they are plotted at a representative
time before reaching the cooling catastrophe: t = 0.1 Gyr for Abell 1795 and Perseus, t = 0.05 Gyr for Abell 2199, while for the other five
smaller systems, they are plotted at t = 0.2 Gyr, a typical time when the system has already reached the quasi-steady state.
and the inflow timescale tflow ≡ r/|v| in our standard
simulations (presented in Sections 3.1 and 3.2) of the
eight systems at various simulation times. Let us first
look at NGC 4472 shown in the top-left panel. The three
timescales are plotted at t = 0.2 Gyr, a representative
time when the hot gas in NGC 4472 is already in the
quasi-steady state. Within the central several tens pc,
the compressional heating time is the shortest timescale
(explaining the negative temperature gradient seen in the
right-top panel of Figure 4), while outside this central re-
gion, the cooling time is slightly shorter than the other
two timescales. However, the three timescales are very
close to each other across almost the entire cooling re-
gions. The closeness of these three timescales is quickly
built up from small to large radii during the development
of cooling flows, and is also seen in the standard simu-
lations of NGC 4261, NGC 1407, NGC 6482, and Virgo,
explaining why the hot gas in our simulations of these
systems can stay in a quasi-steady state for several Gyr
or longer.
In contrast, the relative magnitudes of these three
timescales in our simulations of massive clusters
(Perseus, Abell 1795 and Abell 2199) are very different.
Figure 9 also shows these three timescales for these three
systems at a typical time before the onset of the cooling
catastrophe (t = 0.1 Gyr for Perseus and Abell 1795, and
t = 0.05 Gyr for Abell 2199). As in groups, the com-
pressional heating time is often the shortest timescale at
the very central regions as the cooling flow develops (ex-
cept for Perseus, whose central SMBH mass is relatively
small), but in almost the entire cooling regions beyond
this central region, the gas cooling time is significantly
shorter than the heating and inflow timescales. It is thus
not surprising that these systems reach a cooling catas-
trophe quickly (after about the initial gas cooling time).
One can also see the relative magnitudes of theat, tcool,
and tflow through
tflow
tcool
=
r/v
e/(neniΛ(T, Z))
∝
rρΛ(T, Z)
vT
, (21)
and
theat
tcool
=
neniΛ(T, Z)
−P∇ · v
∝
rρΛ(T, Z)
vT
, (22)
where we approximated −∇ · v ∝ v/r. The timescale
ratios in the above two equations depend on a combina-
tion of parameters, including the gas density, tempera-
ture, velocity, and metallicity. Higher metallicity leads to
larger cooling rate, increasing the importance of cooling,
as explored in detail in Section 3.3. Higher gas densities
correspond to shorter cooling times and larger values of
tflow/tcool and theat/tcool, leading to the relatively more
important role of radiative cooling (see Section 4.2). The
evolution of gas velocity is significantly affected by the
gravitational acceleration, as the increase of the kinetic
energy of a gas parcel in the cooling flow comes from
its gravitational energy, part of which is also converted
into the internal energy (see Section 4.3). The impact
of the gas temperature is more subtle. On one hand,
lower temperature leads to larger values of tflow/tcool and
theat/tcool, corresponding to the relatively more impor-
tant role of radiative cooling. On the other hand, lower
temperature results in gas densities dropping faster ra-
dially in hydrostatic configuration, leading to lower gas
densities and the less important role of radiative cooling.
The latter impact becomes more significant in massive
clusters, leading to the central cooling catastrophe even
at a low metallicity Z = 0.3Z⊙ (see Section 3.1). We will
further study the role of gas temperature and density in
Section 4.2.
Although the cooling catastrophe happens in central
regions of some systems (see Figs. 1 and 3), it should
not be only viewed as a local phenomenon. Instead,
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Figure 10. Initial gas density profiles of the eight systems pre-
sented in the paper. At r > 1 kpc, the gas density drops much
slower in galaxy clusters compared to smaller systems. Thus gas
densities at r > 1 kpc are much higher in galaxy clusters than in
galaxy groups and elliptical galaxies.
it is a global cooling catastrophe, resulted from strong
gas cooling over a large radial range with short cooling
timescales (up to tens or few hundreds kpc in massive
clusters). Cooling flows at kpc and larger radii bring gas
inward, while at the very central regions, the gas is gravi-
tationally heated by the SMBH’s potential well, limiting
the growth of the mass inflow rate. Thus the hot gas
gradually accumulates in central regions (at r ∼ a few to
tens pc), eventually leading to the cooling catastrophe.
In summary, the development of cooling flows is de-
termined by the interplay between radiative cooling, gas
inflow, and compressional heating. The bimodal fate of
cooling flows near the central SMBHs found in our sim-
ulations (Sec. 3) is due to the dichotomy in the relative
importance of radiative cooling. In massive clusters, the
cooling time is significantly shorter than the gas inflow
time and the compressional heating time across almost
the whole cooling regions (except the very central re-
gions), and the hot gas suffers from a central cooling
catastrophe after about the central gas cooling time. In
contrast in some smaller systems (galaxy groups and el-
liptical galaxies), the hot gas quickly reaches a quasi-
steady state, where the cooling time, compressional heat-
ing time and inflow time are very close to each other.
Although the central gas cooling time is very short (e.g.,
tcool ∼ 0.1 Gyr at 1 kpc, and even shorter at smaller
radii; see Fig. 2), the hot gas can stay in this quasi-
steady state for several Gyr or longer. The origin of the
bimodality in the relative importance of radiative cooling
is related to the initial gas density distribution, the gas
temperature, and the gravitational potential well. We
explore them in the following two subsections.
4.2. The Gas Density Profile and Temperature
The gas cooling rate depends strongly on the gas den-
sity. Higher gas densities correspond to larger ratios of
tflow/tcool and theat/tcool, leading to a stronger relative
importance of radiative cooling. Furthermore, higher gas
densities on kpc and larger scales result in larger cooling
inflow rates (as in massive clusters), and the gas may ac-
cumulate very quickly in the 10 . r . 100 pc region if
the growth of the central gas inflow rate is limited by the
strong compressional heating due to the SMBH. Thus the
gas density distribution is expected to play a significant
role in the fate of cooling flows near the SMBHs.
Figure 10 shows the initial gas density profiles of the
eight systems presented in the paper. At 0.1 < r < 1 kpc,
all the systems have similar gas densities (∼ 0.1 cm−3).
But beyond 1 kpc, a bimodality clearly shows up: gas
densities in galaxy clusters are much higher than those
in galaxy groups and elliptical galaxies. This is mainly
because that at r > 1 kpc, the gas density in galaxy
groups and elliptical galaxies drops much faster than that
in massive clusters. In other words, the scale length of
the density profile is much shorter in smaller systems.
Assuming that the gas is in hydrostatic equilibrium and
isothermal, the scale length of the gas density profile is
lρ ≡
ρ
dρ/dr
∝
T
g
. (23)
Thus the density scale length scales with the gas temper-
ature, and scales inversely with the gravitational acceler-
ation. Massive clusters have higher gas temperatures and
thus longer density scale lengths. This partially explains
why the gas density in massive clusters drops slower and
is higher at r > 1 kpc, resulting in much shorter cooling
times and stronger cooling flows in massive clusters. We
will explore the role of gravity in the next subsection.
To test the role of gas temperature on the evolution
of cooling flows, we performed an additional run (de-
noted as run NGC 4261-A1) for the group NGC 4261. In
this run, we choose much higher initial gas temperatures
by adopting the initial gas temperature profile from the
Perseus cluster. From the initial gas temperature profile,
we determine the initial gas density profile from hydro-
static equilibrium. We fixed the gas density at r = 1 kpc
to be the same as our standard run for NGC 4261, which
is presented in the left panel of Fig. 4. The dotted line in
Figure 11 shows the resulting initial gas density profile in
run NGC 4261-A1. As expected from equation (23), the
scale length of the density profile becomes larger and gas
densities at large radii becomes much larger than in the
standard run. The hot gas in this new run experiences
a central cooling catastrophe at about t = 0.68 Gyr. We
note that in our standard run of this system, the hot in-
tragroup gas does not experience a cooling catastrophe
even at the end of the simulation (t = 3 Gyr). This in-
dicates that the low gas temperature and the associated
low gas densities in galaxy groups and elliptical galaxies
at large radii (r & 0.1 - 1 kpc) do play an important role
in maintaining the long-term hot-mode transition from
cooling flows to SMBH accretion flows.
4.3. The Gravity due to the Central Galaxy
The role of gravity is two-fold. First, the gravitational
acceleration affects the scale length of the equilibrium
density profile. As seen in equation (23), with a stronger
gravitational acceleration g = |∇Φ|, the scale length of
the gas density profile is shorter, leading to smaller gas
densities beyond about 1 kpc. Second, the gravity af-
fects the development of the inflow velocity (the inflow
timescale), which is important in determining the fate of
cooling flows (eqs. 21 and 22). The release of the gravita-
tional energy in the cooling flow goes into the increase of
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Figure 11. Initial gas density profiles in three simulations of NGC
4261 at Z = 0.3Z⊙. The solid line shows the profile in our stan-
dard simulation presented in Fig. 4. The dotted line shows the
initial density profile when the initial gas temperatures are higher
(using the initial temperature profile of Perseus; run NGC 4261-
A1), while the short-dashed line is the initial density profile if its
half-light radius is larger (Re = 10 kpc; run NGC 4261-A2). The
long-dashed line shows the initial gas density profile of the massive
cluster Perseus for comparison.
the gas kinetic and thermal energy. This argument sug-
gests that the gravitational acceleration may play a more
important role than the gas temperature in the bimodal
fate of cooling flows.
In Figure 12, we show the gravitational acceleration
and its three contributing components in the massive
cluster Perseus and the galaxy group NGC 4261. Here
gBH = |∇ΦBH|, g∗ = |∇Φ∗|, gDM = |∇ΦDM|, and
gtot = g = gBH + g∗ + gDM. At r . 0.1 kpc, the grav-
ity is dominated by the central SMBH, while at r & 10
kpc, the gravity is dominated by the dark matter halo.
In the middle radii 0.1 . r . 10 kpc, where large-scale
cooling flows are gradually converted to accretion flows
of the central SMBH, the gravity is often dominated by
the central galaxy. Comparing the left and right panels
of Figure 12, it is clear that the gravitational acceleration
at 0.1 . r . 10 kpc (dominated by the central galaxy) is
much larger in the group NGC 4261 (and other groups
in our sample) than in the massive Perseus cluster (typ-
ically by a factor of more than 5). This is mainly due to
the fact that the half-light radius Re of central galaxies in
our group sample (Re ∼ 3 - 4 kpc) is much smaller than
that in our cluster sample (usually Re & 10 kpc). For
the clusters Abell 1795 and Abell 2199, the half-light ra-
dius is very large (∼ 40 kpc; see Table 1), resulting in g∗
smaller than that in NGC 4261 by more than one order
of magnitude.
We tested if the size (gravity) of the central galaxy has
a strong effect on the fate of cooling flows by perform-
ing an additional run (denoted as run NGC 4261-A2) for
NGC 4261. In this run, we keep the initial gas tempera-
ture profile unchanged, but increase the half light radius
from 3.4 kpc to 10 kpc. With a larger Re, the gravi-
tational acceleration contributed by the central galaxy
becomes smaller and the initial equilibrium gas density
profile becomes flatter, as seen in Figure 11. In this run,
the intragroup gas experiences a cooling catastrophe very
quickly at t ∼ 0.15 Gyr. Compared to the standard
simulation and run NGC 4261-A1, this confirms our ex-
pectation that the small size and the associated strong
gravitational acceleration of the central galaxy play a key
role in maintaining cooling flows of some galaxy groups
and elliptical galaxies in hot-mode when transitioning
into SMBH accretion flows.
We also performed a few numerical experiments based
on the massive clusters Abell 1795 and Perseus. If we
decrease the initial gas temperatures in these massive
systems to about 1 keV (a typical gas temperature in
galaxy groups), the hot intracluster gas usually still suf-
fers a central cooling catastrophe very quickly. But if we
adopt a small size (e.g. Re ∼ 4 - 5 kpc) for the central
galaxy, the cooling catastrophe is usually significantly
delayed. In these calculations, we also vary the initial
gas density profile according to hydrostatic equilibrium
as done in runs NGC 4261-A1 and NGC 4261-A2. This
suggests that the size and gravity of the central galaxy
are more important than gas temperature in producing
the dichotomy in the transition of cooling flows to accre-
tion flows discussed in Section 3.
The fast increase of the half-light radius with stellar
mass (or luminosity) is a general trend observed in early-
type galaxies (e.g., Shen et al. 2003; Hyde & Bernardi
2009). A large size of Re ∼ 10 - 40 kpc is typical for cen-
tral galaxies in galaxy clusters (e.g. Graham et al. 1996),
and is also predicted in state-of-the-art cosmological sim-
ulations that include AGN feedback, which suppresses
overcooling and star formation in cluster central regions
and produces “adiabatic expansion” of the stellar distri-
bution through AGN-driven gas outflows (Martizzi et al.
2012). As discussed in this subsection, a larger size of the
central galaxy corresponds to a relatively smaller gravi-
tational acceleration at the radii 0.1 . r . 10 kpc, which
results in higher gas densities and stronger cooling flows
at r & 1 kpc, and less efficient gravitational heating on
infalling cooling flows, leading to the quick development
of a cooling catastrophe within about 100 - 300 Myr in
massive clusters in our model.
Although central galaxies in galaxy clusters typically
have large sizes (Re & 10 kpc), some may have slightly
smaller sizes. The Virgo cluster is probably an extreme
case — its central galaxy (M87) has a very small half-
light radiusRe ∼ 5 kpc. Virgo is a small and dynamically
young cluster (Binggeli et al. 1987), which may explain
the small size of M87. The relatively low gas tempera-
ture, the small size of M87, and hence the strong gravi-
tational acceleration from M87 explain why the cooling
catastrophe in our Virgo simulation at Z = 0.3Z⊙ hap-
pens at a relatively later time tcc ∼ 1.7 Gyr (but the
simulation at a higher metallicity Z = Z⊙ results in a
much smaller tcc ∼ 0.22 Gyr).
5. DISCUSSION AND OBSERVATIONAL PROSPECTS
5.1. Comparison with Previous Relevant Studies
In this subsection, we briefly discuss a few previous
works that are relevant to our study.
Spherically-symmetric accretion of cooling flows onto
SMBHs has been studied by Quataert & Narayan (2000)
and Mathews & Guo (2012) with steady-state models,
revealing the presence of both hot-mode and cold-mode
solutions. But steady-state models usually do not pre-
dict which mode a real system chooses, which is investi-
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Figure 12. The gravitational acceleration and its three contributing components in the massive cluster Perseus (left) and the galaxy
group NGC 4261 (right). The gravity within 0.1 . r . 10 kpc is dominated by the central galaxy, which is usually more compact (i.e.,
with a much smaller half-light radius Re), and contributes much stronger gravity in smaller systems (galaxy groups and elliptical galaxies)
than in massive clusters.
gated in our simulations of eight well-observed systems.
Our results are consistent with numerical simulations of
Li & Bryan (2012), who found the cold mode accretion
in one system – Perseus. We further show that the hot-
mode accretion of cooling flows can be present in some
galaxy groups and elliptical galaxies.
One main feature of the central hot-mode ac-
cretion is its radially-decreasing temperature profile,
which has also been seen in numerical simulations of
Brighenti & Mathews (2002) and Gaspari et al. (2012a).
However, these studies did not have the spatial resolution
(∼ 100 pc) to accurately investigate the central accre-
tion region, and adopted an ad-hoc mass dropout term
for relatively cold gas, which still accumulates in central
regions, differing significantly from the central hot-mode
accretion in our studies.
Our idealized model explores the interplay between ra-
diative cooling, gas inflow, and compressional heating
in a spherically symmetric setup, while ignoring other
potentially important physics. Recently Gaspari et al.
(2013) studied the potential roles of turbulence and AGN
heating on the accretion of cooling flows in a fiducial
system – NGC 5044. Their 3-dimensional (3D) simu-
lations indicate that if the hot gas is maintained in a
global thermodynamic balance by AGN heating, turbu-
lence and cooling produce a chaotic cold accretion onto
the central SMBH.
5.2. The Importance of Covering Both Cooling and
Accretion Regions
To properly study the cooling-flow-fed accretion onto
SMBHs, it is important to cover both the cooling and ac-
cretion regions simultaneously in simulations. Partly due
to the limitation of numerical resolution, previous sim-
ulations of AGN feedback often focus on kpc and larger
scales with an inner boundary (or spatial resolution) of
typically 1 kpc. These simulations can not explore the
interesting physics of the accretion of cooling flows near
SMBHs on pc scales. We confirmed this by rerunning a
few simulations covering a spatial range of 1 - 200 kpc.
For galaxy groups, we got similar quasi-steady flows be-
yond 1 kpc, but the hot-mode accretion with negative
temperature gradients are not seen as it is located within
the inner boundary r = 1 kpc. For galaxy clusters, the
simulation results vary from system to system, probably
depending on the SMBH mass and its associated com-
pressional heating beyond 1 kpc. Abell 1795 (with a
high SMBH mass) quickly reaches a cooling catastrophe
near the inner boundary r = 1 kpc, while our standard
simulation covering 0.01 - 200 kpc (Figure 1) shows that
the cooling catastrophe happens first at a concentric ra-
dius of tens pc and then quickly propagates inward and
outward. For Abell 2199 and the Perseus cluster (with
slightly smaller SMBH masses compared to Abell 1795),
the simulations covering only 1 - 200 kpc did not reveal
a cooling catastrophe, but instead reach a steady state
with mass inflow rates of hundreds M⊙/yr (similar to
run A in Guo & Oh 2008).
More importantly, if only the central kpc or smaller
scales are simulated, as often seen in accretion flow sim-
ulations, one can not study how cooling flows formed on
kpc and larger scales feed the central SMBH, and the re-
sults depend significantly on the chosen outer boundary
conditions. If the gas density and temperature are fixed
at the outer boundary (assumed to be at “infinity”), our
simulation of Abell 1795 with a spatial range of 0.01 -
1 kpc results in a quasi-steady hot-mode accretion with
central negative temperature gradients, strikingly differ-
ent than the cooling catastrophe seen in our standard
simulation for Abell 1795. This confirms that the central
cooling catastrophe developed in cluster cooling flows is
a global phenomenon: the cooling flow formed on kpc
and larger scales (up to ∼ 100 kpc in massive clusters)
provides the gas inflow and sets the outer boundary con-
ditions for the central accretion flow.
5.3. Assumptions and Limitations of Our Model
Assuming spherical symmetry, our 1D simulations
study the development of cooling flows and the resulting
accretion onto the central SMBHs under the competitive
roles of radiative cooling and gravitational heating. We
ignore other physical processes, which may also play sig-
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nificant roles during the flow evolution (as also discussed
in Section 2).
For example, our 1D setup does not allow us to investi-
gate the role of angular momentum in the cooling flow to
accretion flow transition. X-ray observations of massive
ellipticals, galaxy groups and clusters indicate that the
level of angular momentum is usually not significant. As-
suming a constant rotational velocity of 50 km/s, as ex-
pected from cosmological cluster simulations, 3D simula-
tions of the Perseus cluster by Li & Bryan (2012) showed
that the cluster gas outside about 100 pc can be well
described by spherical symmetric flows. Nevertheless,
angular momentum may play a significant role in cen-
tral regions, in particular, for galaxy clusters when the
gas cools off from the cooling catastrophe. The cold gas
will likely form a torus and accretion disk, which are still
hardly resolved by current 3D simulations of cooling flows
(Li & Bryan 2012). For some smaller systems where the
hot-mode accretion dominates in central regions, the role
of angular momentum is less clear. Narayan & Fabian
(2011) argued that viscosity in the hot gas, which in-
creases strongly with the gas temperature, can effectively
transport angular momentum outward of central regions.
Investigating the role of angular momentum requires 3D
simulations, but we expect that the bimodality in the
cooling-flow-fed accretion is robust.
Another major assumption in our model is the ne-
glect of AGN heating and turbulence. If not suppressed
by thermal conduction, the perturbations of the hot
gas by turbulence or AGN outbursts may produce the
non-linear growth of local thermal instability, resulting
in chaotic cold accretion onto the SMBHs as shown in
Gaspari et al. (2013). While the accreted cold gas in
this mode may come from random directions, the cold
gas from a global cooling catastrophe is expected to pre-
serve the net angular momentum of the hot gas on large
scales.
5.4. Observational Prospects
It is now commonly thought that cooling flows in
galaxy groups and clusters are significantly suppressed
and AGN feedback plays a key role in the suppression
process. However, there may still be two evolution sce-
narios for the state of hot gas in cool core systems. If
AGN feedback operates “instantaneously” in response to
cooling (e.g., Guo & Oh 2008), the hot gas may reach
a quasi-steady cool-core state with cooling flows sup-
pressed to a low level all the time. Recent studies of
local thermal instability in cool core clusters are based on
this scenario (McCourt et al. 2012; Sharma et al. 2012;
Gaspari et al. 2012b). The other scenario arises from the
periodicity of AGN feedback events, assuming that the
hot gas also evolves periodically. Between two successive
generations of AGN feedback events, cooling flows may
be established to some level, leading to the formation of
cold gas and stars in the central galaxy and feeding the
central SMBH. The triggered AGN outburst then heats
the hot gas, strongly suppressing or shutting off the cool-
ing flow. In a time-averaged sense, cooling may be bal-
anced by AGN heating, similar to the first scenario. Here
we briefly discuss observational prospects of our model
in the second scenario.
Our model predicts that cold gas and star formation
activities are present in central galaxies of massive clus-
ters and some galaxy groups when the central cooling
catastrophe develops, while some galaxy groups and el-
liptical galaxies are expected to have little cold gas and
star formation activities due to the hot-mode accretion of
cooling flows. For galaxy groups and ellipticals, the cold-
mode accretion and cold gas prefer to happen in systems
with high gas metallicities.
Observations have detected significant star formation
activities (Hα emission and blue light) in BCGs, par-
ticularly in galaxy clusters with low central gas en-
tropy or low central cooling times (Rafferty et al. 2008;
Cavagnolo et al. 2008). This has been previously in-
terpreted as an evidence for the development of local
thermal instability (McCourt et al. 2012; Sharma et al.
2012), while thermal conduction may also play a role
in suppressing the instability in high-entropy systems
(Voit et al. 2008). In our model, both star formation and
low central entropy (cooling time) appear simultaneously
in a much-developed cooling flow as the central cooling
catastrophe starts. The estimated star formation rates
are typically a few to tens M⊙/yr (O’Dea et al. 2008),
which is about 1/100 to 1/10 of the predicted gas inflow
rate if the cooling catastrophe happens unimpeded. This
is consistent with our picture that the cooling catastro-
phe, once starts and feeds the SMBH, is quickly sup-
pressed or averted by the triggered AGN feedback event.
Observations also suggest that star formation rates in el-
liptical galaxies are usually extremely small (e.g., ∼ 10−5
M⊙/yr in Ford & Bregman 2012, about four orders of
magnitude less than the steady-state mass inflow rate of
∼ 0.1 - 1M⊙/yr in our simulations of four galaxy groups
and ellipticals).
Another observational consequence of the dichotomy
is that central cusp temperature profiles (with negative
gradients) are expected to be observed more often in el-
liptical galaxies and galaxy groups than in more mas-
sive galaxy clusters. In some galaxy groups and ellipti-
cals, the central negative temperature gradient is main-
tained quasi-steadily in the hot-mode accretion unless
AGN feedback events destroy it, while in galaxy clus-
ters it quickly develops into a cooling catastrophe. Re-
cent Chandra observations of the S0 galaxy NGC 3115
by Wong et al. (2011) found that the gas temperature
within the central ∼ 200 pc rises inward. Negative tem-
perature gradients have also been seen in the group NGC
1407 (Humphrey et al. 2006), the elliptical galaxy NGC
4649 (Humphrey et al. 2006) and NGC 4374 (Allen et al.
2006), usually covering a central region with spatial sizes
(r . 0.5 - 1 kpc) larger than those predicted in our cal-
culations (r . 50 - 100 pc). The rather large sizes sug-
gest that they may be produced by other processes (e.g.
a strong AGN outburst), but these central cuspy tem-
perature profiles were all observed in galaxies or galaxy
groups, which is consistent with our prediction. If some
of them are indeed produced by gravitational heating,
the mass of the central SMBH or the central stellar mass
could be much larger than assumed in our calculations.
The two distinct SMBH accretion modes may trigger
AGN feedback events with different observational fea-
tures. One difference is the SMBH accretion rate, which
is about ∼ 0.1 - 1 M⊙/yr in the hot-mode accretion
of our simulated galaxy groups and ellipticals, while in
our four simulated galaxy clusters, it increases quickly
to several hundreds M⊙/yr after the cooling catastro-
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phe starts. The significantly larger central mass inflow
rates in massive clusters are essentially determined by
the larger cooling flow rates formed on kpc and larger
scales in these systems, and naturally explain why AGN
feedback events in clusters are typically much more pow-
erful than in smaller systems. Other than energetics, the
feedback events triggered by the hot- and cold-mode ac-
cretions may be intrinsically different, though the SMBH
spin may also play a significant role. Further theoreti-
cal and observational studies, in particular focusing on
the difference between these two modes, are required to
explore this issue.
6. SUMMARY
The importance of AGN feedback on the evolution
of elliptical galaxies, galaxy groups and clusters has re-
ceived great appreciation, in particular, during the last
decade. It is widely thought that AGN feedback plays a
key role in suppressing strong cooling flows predicted in
standard cooling flow models. Here we perform a series
of hydrodynamic simulations for many systems, ranging
from elliptical galaxies to massive galaxy clusters. The
main purpose is to answer one of the key questions in
AGN feedback: How are cooling flows accreted by cen-
tral SMBHs? We aim to explore the triggering mecha-
nism of AGN feedback, providing an important link be-
tween cooling flows and their triggered AGN feedback
events which eventually avert the further development of
cooling flows.
Our simulations follow the evolution of cooling flows on
scales as large as about 200 kpc down to SMBH accretion
flows on pc scales in eight well-observed systems. The
development of cooling flows on large scales affects mass
inflow rates and outer boundary conditions of SMBH ac-
cretion flows on small scales. By covering such a large
spatial range, we are able to self-consistently study the
cooling-flow-induced accretion onto the SMBHs. For ini-
tial conditions, we adopt the gas temperature and density
profiles derived from previous X-ray observations. In our
model, the gravitational potential well is contributed by
a SMBH, a central galaxy and the dark matter halo, and
the relevant parameters are all based on the estimates
from available multi-wavelength data.
Our calculations reveal an interesting dichotomy in the
transition of cooling flows to accretion flows. In galaxy
clusters, a global cooling catastrophe develops in central
regions roughly within the gas cooling time (typically 100
- 300 Myr), resulting in a cold-mode accretion onto the
central SMBH. During the cooling catastrophe, the mass
inflow rate increases dramatically and quickly to about
several hundreds M⊙/yr, close to the values predicted in
the standard cooling flow model. However, the develop-
ment of cooling flows is very different in some smaller
systems, including galaxy groups and elliptical galaxies.
Despite of short central cooling times, the hot gas in these
systems quickly settles into a quasi-steady state, which
lasts for several Gyr or even permanently. In this state,
the gas temperature in central regions (typically within
tens to about 100 pc, depending on the SMBH mass)
rises toward the center, indicating a hot-mode accretion
onto the SMBH. The hot-mode accretion is present quasi-
steadily in all of our four small systems if adopting a gas
metallicity Z = 0.3Z⊙, and in half of them if adopting a
more realistic metallicity Z = Z⊙.
Both accretion modes naturally appear in our idealized
simulations where only radiative cooling, spherically-
symmetric gas inflow, and compressional heating are
taken into account. These three physical processes are
entangled and determine the development of cooling
flows. In galaxy clusters, the cooling time is significantly
shorter than the inflow time and the compressional heat-
ing time across almost the whole cooling regions (except
the very central regions where the compressional heating
due to the SMBH’s gravity dominates), and the hot gas
cools unimpeded, resulting in a central cooling catastro-
phe at about the cooling time. However, in some galaxy
groups and elliptical galaxies, the approximate balance
between these three timescales is quickly built up from
small to large radii, leading to a quasi-steady state with
a typical mass inflow rate of about ∼ 0.1 - 1 M⊙/yr.
Our calculations indicate that the long-lasting hot-
mode accretion of cooling flows prefers to happen in el-
liptical galaxies and galaxy groups with low gas densities,
low gas metallicities, and importantly, compact central
galaxies, which result in strong gravitational accelera-
tion and compressional heating in the transitioning re-
gions from cooling flows to accretion flows (about 0.1 -
10 kpc). These requirements may not be needed simulta-
neously. For example, two groups, NGC 4261 and NGC
1407 (with Re = 3.4 and 4.4 kpc respectively), host the
hot-mode accretion in our calculations even at the solar
metallicity. The four small systems in our sample may be
biased toward those with compact central galaxies, and
the real fraction of groups hosting the long-term hot-
mode accretion of cooling flows may be much lower. A
more systematic study is required to explore the general
behavior of cooling flows in galaxy groups.
It is important to note that our 1D simulations ignore
angular momentum, AGN heating, turbulence, transport
processes, and stellar mass losses from the central galaxy.
These additional processes may affect the accretion flow,
and if significant, even change the accretion mode, as
discussed in Section 5.
Our calculations predict that cuspy temperature pro-
files are observed more often in elliptical galaxies and
galaxy groups, while massive clusters often contain more
cold gas and stronger star formation activities in their
central galaxies. Recent observations indeed found that
many BCGs contain large amounts of cold gas and sig-
nificant star formation activities. Future X-ray observa-
tions with high spatial resolutions will be very useful in
exploring the gas properties and the interesting plasma
physics within the SMBH’s gravitational influence.
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APPENDIX
DEPENDENCE ON THE CHOICES OF THE INNER AND OUTER BOUNDARIES
Our standard simulations presented in Sections 3.1 and 3.2 cover a spatial range from rmin = 10 pc to rmax = 200
kpc, which allows to explore both the cooling flow and accretion flow regions. To investigate how our results depend
on the choices of the inner and outer boundaries, we have also performed a few additional simulations, some of which
are presented in this Appendix.
Figure 13 shows the gas temperature profiles in a series of four simulations with different boundary locations for
Perseus at t = 0.25 Gyr (top) and for NGC 4261 at t = 3 Gyr (bottom). The four simulations for each system cover a
spatial range of 10 pc - 200 kpc (solid line; the standard run in the paper), 1 pc - 200 kpc (dotted line), 10 pc - 2 Mpc
(short-dashed line) and 1 kpc - 200 kpc (long-dashed line), respectively. As clearly seen in the Figure, changing the
outer boundary from 200 kpc to 2Mpc has a negligible impact on the final temperature profile for both systems, mainly
due to the fact that the simulation time is much shorter than the gas cooling time at these large outer boundaries.
For the inner boundary, we experimented with three values rmin = 1, 10, and 1000 pc. As shown in Figure 13, all
simulations capture the gas temperature evolution quite well in their simulated regions except near the inner boundary
(probably due to the inner boundary conditions). However, the simulation with rmin = 1 kpc can not capture the
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Figure 13. The gas temperature profiles in a series of four simulations with different boundary locations for Perseus at t = 0.25 Gyr (top)
and for NGC 4261 at t = 3 Gyr (bottom), respectively. The four simulations for each system cover a spatial range of 10 pc - 200 kpc (solid
line), 1 pc - 200 kpc (dotted line), 10 pc - 2 Mpc (short-dashed line) and 1 - 200 kpc (long-dashed line), respectively.
interesting physics happening at r < rmin, including the central cooling catastrophe in Perseus and the central cuspy
temperature profile in NGC 4261. On the other hand, the difference between the simulations with rmin = 1 and 10 pc
is small. For Perseus, both simulations show the central cooling catastrophe with almost the same size at t = 0.25 Gyr.
For NGC 4261, both simulations reveal the central region with negative temperature gradients, though the simulation
with rmin = 1 pc shows a steeper temperature slope there, indicating slightly stronger compressional heating.
